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A B S T R A C T
Removal and recovery of heavy metals from effluent are major concerns due to diminishing fresh water
resources, depletion of exploitable ores and human and environmental health concerns. The objective of
this work was to efficiently recover heavy metals from effluent in their elemental form as metallic
powder by reduction crystallization. This method recovers metals in a pure form and enables them to be
directly used. Experiments were conducted using mixed metal solutions of Ni, Cu, Co, and Fe in a 20 L
Perspex batch reactor using hydrazine as a reducing agent and nickel powder as seeding material. Ni, Cu,
Co and Fe were effectively reduced to their elemental states with removal efficiencies of over 99% for Ni
and Co and about 98% for Cu and Fe. Residual concentrations obtained for Ni, Co and Fe were below
0.05 mg/L and below 1.20 mg/L for Cu. Based on the evolution of the particle size distribution (PSD) and
its derived moments the dominant particulate processes identified were aggregation, growth and
breakage with the possibility of nucleation in the presence of Fe. However, particle size enlargement was
largely due to aggregation.
 2012 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.
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Wastewater treatment is becoming ever more critical due to
diminishing water resources, increasing wastewater disposal costs
and stricter discharge regulations that have lowered permissible
contaminants levels in wastewater stream. Heavy metal laden
wastewater produced by mining and mineral processing activities,
e.g. acid mine drainage and process effluent occurs at an estimated
70% of world’s mine sites, making it one of the mining industry’s
most significant environmental and financial liability. The fast
depletion of exploitable mineral resources and negative impact
these toxic metals have on human health and the environment
necessitates the recovery of these metals. Thus, the removal and
recovery of heavy metals from effluents has been a subject of
significant importance. A number of treatment methods have been
developed for heavy metal removal namely, precipitation,
adsorption, ion-exchange and membrane technologies. Of these
methods, precipitation is the widely used because it is the most
economical method and easier to implement and operate on a large
scale. However, traditional precipitation methods using lime,
sulfides or hydroxides recover metals in the form of a sludge which
is not reusable and has to be disposed in landfills creating a
potential environmental hazard and resulting in loss of valuable
mineral.* Corresponding author. Tel.: +27 11 5596003; fax: +27 11 5596430.
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doi:10.1016/j.jiec.2012.01.008Due to the fast depletion of mineral reserves globally, the
current focus in effluent treatment is now on the recovery and re-
use of these heavy metals rather than removal and disposal. Of the
methods currently in use none is capable of recovering metals in a
form that is suitable for re-use hence there is a need to develop
alternative technologies to address this problem. In this study,
reduction crystallization method was investigated as a possible
method for the removal and recovery of heavy metals.
In this method hydrazine was utilized as a reducing agent for
the removal and recovery of the metals because the pH and
temperature dependent reducing ability of hydrazine makes the
reduction rate easily controllable [1]. Hydrazine is a strong
reductant widely used in various chemical operations. A series
of striking results has been obtained where hydrazine was used as
a reducing agent for the production of finely divided metals, metal-
on glass films, metallic hydrolysis and electro-less plating [2].
An important half reaction involving hydrazine is:
4OH þ N2H4$ N2 þ 4H2O þ 4e ðE ¼ 0:31  0:06pHÞ (1)
It can effectively be employed in the reduction of various metal
cations (Mn+) to elemental state (M0) according to the following
reaction [3]:
Mnþ þ N2H4! M0 # þ N2 þ Hþ (2)
Based on the discussion by Tobe and Burgess in 1996 [4], metal
ions can also be reduced:
Mmþ þ N2H4 þ OH! M0 # þ N2 þ NH3 þ H2O (3)ing Chemistry. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Perspex batch reactor.
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according to [5]
N2H4 þ O2! N2 þ 2H2O (4)
Hydrazine can also undergo self oxidation and reduction in both
alkaline and acidic solutions. The decomposition of hydrazine
proceeds by Eq. (5):
3N2H4! N2 þ 4NH3 (5)
Precious metals can be easily recovered by using this powerful
reductant, Eq. (2). Since metal cations are immediately reduced to
metallic state, there is very limited amount of metal ions present in
the solution. Complexation between metal and ammonia due to
Eqs. (3) and (5) is therefore unlikely to occur. By using air stripping,
ammonia is easily removed from the solution. In addition,
unutilized hydrazine can be removed by aeration, Eq. (4). The
reduction potential for all the metals investigated in this study are
shown in Table 1, the reaction between metals and hydrazine is
spontaneous; indicating that the actual experiments are thermo-
dynamically feasible.
2. Experimental
2.1. Apparatus and reagents
Experiments were conducted using a 20 L Perspex batch reactor
fitted with 4 baffles, a 4-pitched blade axial impeller with an off
bottom clearance of 50 mm to ensure adequate solid suspension, a
heating element, thermocouple and thermostat for temperatureTable 1
Reduction potential for Ni, Cu, Co and Fe.
Electrode reaction Potential E
(V (nhe))
Calculated reduction
potential (V(nhe))
Ni2þ þ 2e ¼ Ni 0.23 0.74
Cu2þ þ 2e ¼ Cu +0.337 0.633
Co2þ þ 2e ¼ Co 0.277 1.247
Fe2þ þ 2e ¼ Fe 0.440 1.410
Fe3þ þ 3e ¼ Fe 0.040 1.010control. A schematic representation of the reactor is shown in
Fig. 1.
A pH meter was used to monitor pH, and 2 M sodium hydroxide
as a pH regulator. Sulfate salts of nickel, copper, cobalt and iron
were used to prepare the synthetic effluent solutions. 1 M
hydrazine in tetra-hydrofuran was employed as a reducing agent
and nickel powder supplied by Impala Platinum Refineries was
used as seeding material.
2.2. Preparation of synthetic effluent solution
100 mg/L of synthetic solutions of each specific metal or a
combination thereof were prepared by weighing 4.48 g of
nickel sulfate hexahydrate, 4.77 g cobalt (II) sulfate heptahydrate
and 3.929 g cupric sulfate by dissolving the salts into 1000 mL of
water in a volumetric flask. 4.979 g ferrous sulfate was dissolved
into 1000 mL of water to make 97.94 mg/L iron solution.
2.3. Experimental method
10 L of 100 mg/L of either Ni–Cu, Ni–Fe or Ni–Co synthetic
solution was fed into a 20 L stirred batch reactor. To catalyze the
oxidation of hydrazine and due to cost implication, 30 g of pure
nickel powder was added into the reactor as seeding material.
The seeding material was used to avoid nucleation in the
experiments, to enable effective control of particle size
distribution (PSD) and avoid having wide PSD. The solution
was then heated to 45 8C and at this temperature 0.3 mL of 1 M
hydrazine was added into the reactor, under 500 rpm constant
stirring speed. Reduction crystallization proceeded under pH
10.7–11.0. 1 M sodium hydroxide solution was added at 60 8C to
raise and maintain the pH within the given range. A reaction
time of 3 min was used, since the reduction reaction is very
rapid. After the reaction was complete, the agitator was
switched off and the solution was allowed to cool. 5 mL aliquot
of the reduced solution was sampled using a pipette; thereafter
the reduced solution was discharged leaving behind the seed
material. A fresh metal solution was then added and the process
was repeated using the same procedure as outlined above. After
three batch reductions the mixture of the reduced solution and
T.P. Phetla et al. / Journal of Industrial and Engineering Chemistry 18 (2012) 1171–1177 1173nickel powder was discharged from the reactor and filtered to
obtain the nickel powder and the residual effluent. The powder
sample was then washed with hot water and dried in an oven at
80 8C. Each experiment was repeated once to check for
reproducibility of the results. Similar experimental conditions
were used for all the three metal solutions (i.e. Ni–Cu, Ni–Fe and
Ni–Co) as the main focus was not on selective removal of these
metals. Therefore, the operating conditions were pH of 10.7–
11.0 and temperature of 60 8C for all the experiments.
2.4. Characterization
Residual nickel, copper, cobalt and iron ion concentrations were
measured by inductively coupled plasma-optical emission spec-
trometer (ICP-OES; model Spectro Arcos Fsh12). The Ni powder
particle morphology was captured using a scanning electron
microscope (SEM; model Jeol JSM 5600). The elemental composi-
tion of the powder was measured by X-ray fluorescence (XRF;
model Magix Pro Phillips). Laser diffraction (Malvern Mastersizer
2000) coupled to a liquid dispersing unit (Hydro 2000G) was used
to measure the PSD of the powder samples in order identify the
particulate processes occurring during reduction crystallization.
3. Results and discussion
Each batch run is termed a densification because the powder
becomes denser with each successive batch reduction. The results
for the residual concentration of each metal, removal efficiency,
reduction rate and evolution of the PSD and its derived moments
are presented below.Fig. 2. (a) Residual Ni and Cu concentration and (b) %removal from Ni–Cu solution.3.1. Residual concentration and removal efficiency
The residual nickel and copper concentrations and the removal
efficiency of each respective metal with each successive densifica-
tion are shown in Fig. 2.
The results clearly indicate an effective reduction of nickel and
copper in the wastewater with increasing number of densifications
(Fig. 2(a)). Copper residual concentration was higher than nickel
residual concentration in Ni–Cu solution for all the densifications.
The highest copper concentration was 1.19 mg/L and 0.99 mg/L for
nickel from a 100 mg/L initial concentration of Ni and Cu. The lowest
residual nickel and copper concentrations were 0.74 mg/L and
1.02 mg/L, respectively. The % of nickel removed was higher than
that of copper with the exception of the 2nd experimental run at the
3rd densification (Fig. 2(b)). The highest % removal of Ni2+ and Cu2+
was obtained in the 2nd densification and decreased sharply with
the increasing number of densifications. Removal of nickel from the
effluent was generally favored over that of copper. Based on the
reduction potential of Ni (0.23) and Cu (0.34), the reduction of Cu is
thermodynamically more favorable to that of Ni. However, from the
results obtained Ni was preferentially removed when compared to
Cu. Since Ni seed was used as seeding material it is proposed this
favors the preferential deposition of Ni over Cu. Reusing nickel
powder improved the recovery from the 1st densification to the 2nd
densification and recoveries began to decline thereafter.
Fig. 3 shows the residual nickel and cobalt concentrations and
the removal efficiency of each respective metal with each
successive densification. The residual nickel concentration was
higher than that of cobalt (Fig. 3(a)). The highest concentrations0.00
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ly. Reusing the nickel powder as seed for subsequent densifications
had a positive effect on metal recovery especially for cobalt as the
residual concentration gradually decreased from 1st to the 3rd
densification (Fig. 3(a)). The highest % removal for cobalt was
99.97% and 99.92 for nickel (Fig. 3(b)). The removal of nickel and
cobalt were almost the same in all the densification but the
removal of cobalt was favored over that of nickel with a difference
of about 0.05%. The anomalous preference of cobalt co-deposition
over nickel has been reported in previous electrodeposition
studies. Even though the concentration of Ni in solution was
higher than that of Co, the Co content in the alloy was higher than
that of nickel. It was proposed that co-deposition of Ni–Co alloy
catalyses the electrodeposition of Co and inhibits that of Ni, leading
to a greater proportion of Co in the Ni–Co deposits [6].
Fig. 4 shows the residual nickel and iron concentrations and the
removal efficiency of each respective metal with each successive
densification. The residual concentration for both nickel and iron
decreased with the increase in the number of densifications. The
highest residual concentration was 0.032 mg/L and 0.047 mg/L for
nickel and iron, respectively, in Ni–Fe solution, from initial
concentration of 100 mg/L nickel and 97.94 mg/L iron (Fig. 4(a)).
Generally, Fe2+ is difficult to be reduced into Fe directly in alkali
aqueous solution, unless favored by some special measures (such
as ultrasonic, high pressure, etc.). This is due to the electromotance
of the oxidation reaction from Fe2+ to Fe3+ (0.66 V) which is higher
than that of the reduction reaction from Fe3+ to Fe2+ (0.283 V). So
Fe2+ is likely to be oxidized into Fe3+ [7].Fig. 4. (a) Residual Ni and Fe concentration and (b) %removal from Ni–Fe solution.Removal efficiency was above 97.93% for iron and almost 100%
for nickel in all densifications, making the % removal rate of nickel
higher than that of iron (Fig. 4(b)). Previous studies have shown
that nickel can accelerate catalytic decomposition of hydrazine
because of its peculiar catalytic activity [8]. It is proposed that the
existence of Ni2+ in the initial solution facilitates the reduction of
Fe3+ to Fe resulting in the formation of Fe–Ni alloy particles.
Furthermore, Ni could stabilize the Fe–Ni particles and hinder
oxidization of Fe during the course of hydrazine reduction because
of its higher stability compared with Fe. Reusing nickel seed had a
minor effect on metal recovery from the 1st to 2nd densification.
3.2. Reduction rate
The reduction rate of each metal in its respective solution is
shown in Fig. 5. The reduction rate of copper and nickel in the Ni–
Cu solution generally increased from the 1st to the 2nd
densification and decreased thereafter for copper (Fig. 5(a)).
However, no clear trend was observed for nickel after the 2nd
densification.
The rate of nickel and cobalt reduction from the Ni–Co solution
increased from the 1st to 3rd densification for all the experimental97.50
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Fig. 5. Reduction rate: (a) Ni–Cu solution, (b) Ni–Fe and (c) Ni–Co.
Fig. 6. Evolution of the PSD: (a) Ni–Cu, (b) Ni–Co and (c) Ni–Fe.
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increased with successive densifications (Fig. 5(b)).
There was no significant change in the reduction rate from the
1st to the 3rd densification with a change of about 0.002 mg/
(L min) for nickel and 0.001 mg/(L min) for iron from the Ni–Fe
solution (Fig. 5(c)).
The highest reduction rate was observed for Ni in the Ni–Fe
solution, this agrees with previous studies where iron was found to
act as a reduction catalyst in nickel reduction [9]. The lowest
reduction rate was observed for Cu in the Ni–Cu solution. The co-
deposition of nickel and copper also resulted in a decrease in the
reduction rate of nickel when compared with the other metallic
systems. This suggests that the presence of copper on the powder
reduces the catalytic activity of the powder.
3.3. Evolution of the PSD and moments
Fig. 6 shows the evolution of the particle size distribution (PSD)
of the powder obtained from the Ni–Cu solution, Ni–Co solution
and Ni–Fe solution, respectively. From the evolution of the volume
distribution it can be concluded that size enlargement was not
significant as the modal size remained nearly unchanged (Fig. 6).
The PSD data was transformed into its moments using Eqs. (6)
and (7):
nðLÞ dL ¼
X
i
vol%i  concðvol%Þ
100
:
1
kvL¯
3
(6)
mj ¼
Z 1
0
L jnðLÞ dL (7)The volume based histogram vol% versus Li where i indicates the
size sub-range and the particle concentration (vol%) were
generated by laser diffraction (Malvern Mastersizer) and the
volume shape factor kv equal to p/6 was used. The first four
moments (0th, 1st, 2nd and 3rd) are of special interest and are
related to the total number, length, area and volume of solid per
unit volume of suspension, respectively [10]. The 0th, 2nd and 3rd
moments for the seed and the powder from the third densification
is shown in Table 2. The average moments were generated by first
creating an average of the two volume distribution curves from
each experiment (Fig. 6) using Malvern software (Mastersizer 2000
Software) and then transforming the data into moments using
Eqs. (6) and (7).
Comparing the 0th, 2nd and 3rd moments for the D3 powder to
that of the seed shows that there was an increase in all the first
three moments, corresponding to an increase in the number of
particles, surface area and volume. The increase in particle number
and surface area can be due to either nucleation or breakage or a
combination of both mechanisms. The increase in the particle
volume shows that growth of particles also occurred, however, this
did not significantly affect the PSD since the mass deposited
(approximately 1 g/densification) was very low relative to the
number of particles (of the order of 1011).
The D(4.3) and L¯1:0 of the powder after three densifications is
shown in Table 3. The D(4.3) and L¯1:0 shows what happens to the
larger sized particles of the PSD and the smaller sized particles,
respectively. There was an increase in the D(4.3) and L¯1:0 of the
powder produced after three densifications relative to the seed
particles. The highest D(4.3) and L¯1:0 was obtained using the Ni–Co
solution and the lowest D(4.3) and L¯1:0 values were obtained from
the Ni–Cu and Ni–Fe solutions, respectively. The increases in the
Table 2
Moments of the PSD.
Sample Moments
0th
(# m3 1011)
2nd
(m2m3 103)
3rd
(m3m3)
Seed 7.79 5.91 1.47
D3 powder (Ni–Cu) 12.93 8.24 2.00
D3 powder (Ni–Co) 10.40 7.83 1.93
D3 powder (Ni–Fe) 11.03 8.57 2.17
Table 3
Weighted mean sizes of the powder.
Sample Weighted mean size (mm)
D(4.3) L¯1:0
Seed 355.20 62.50
D3 powder (Ni–Cu) 357.81 66.40
D3 powder (Ni–Co) 376.31 89.95
D3 powder (Ni–Fe) 374.49 66.15
Table 4
Elemental composition of the powder.
Sample Concentration (%)
Seed 98.38
D3 powder (Ni–Cu)
Ni 99.40  0.01
Cu 0.40  0.01
D3 powder (Ni–Co)
Ni 99.55  0.04
Co 0.42  0.04
D3 powder (Ni–Fe)
Ni 99.59  0.06
Fe 0.19  0.03
T.P. Phetla et al. / Journal of Industrial and Engineering Chemistry 18 (2012) 1171–11771176D(4.3) and L¯1:0 shows size enlargement by particle aggregation.
Thus, molecular growth mainly served to provide a metallic bridge
to cement (or glue) the particles together. Therefore, the dominant
particulate processes identified in all the experiments were
aggregation, growth and breakage. Evidence of the occurrence of
nucleation was only observed for the experiments conducted using
the Ni–Fe solution.
3.4. SEM of nickel powder and powder purity
The morphology of the nickel powder produced using Ni–Cu,
Ni–Co and Ni–Fe solution is shown in Fig. 7. The SEM micrograph of
the powder produced in all the experimental runs exhibited a
nearly spherical structure with wide distribution in particle size.
There was also evidence of particle fragmentation indicating that
the increase in particle number and surface area was largely due to
breakage rather than nucleation. However, the SEM micrograph of
the powder produced in Ni–Fe solution (Fig. 7(c)) reveals a large
proportion of smaller particle fragments. Given the size of some of
these fragments and the fact that Fe has been found to act as a
nucleating agent even in buffered solutions [9], it is possible that
nucleation might have contributed to their generation.Fig. 7. Scanning electron micrographs of D3 poTable 4 shows the elemental composition of the powders
obtained from each respective metal solution. The nickel content of
the powder increased from that of the seed as a result of nickel
plating from solution. Since nickel powder was used as seeding
material nickel was the predominant element in all the powders
produced. The iron content in the powder was almost half the
amount when compared to the content of copper and cobalt when
crystallized from their respective solutions with nickel. Some ofwder: (a) Ni–Cu, (b) Ni–Co and (c) Ni–Fe.
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together with a small amount of colloidal precipitate generated.
4. Conclusions
The results obtained indicate that hydrazine is an effective
agent to crystallize Ni, Cu, Co and Fe into their elemental states
with nickel powder as a seeding material with removal efficiencies
of over 99% for Ni and Co and about 98% for Cu and Fe. %Ni removal
was highest in the presence of Fe due to its ability to act as
reduction catalyst and lowest in the presence of Cu. The deposition
of Cu on the seed was found to lower its catalytic activity and
deposition of Ni was more favorable to that of Cu despite the fact
that the reduction of Cu is thermodynamically more favorable to
that of Ni. Cobalt deposition was more favorable to that of nickel
with a difference of about 0.05% and cobalt co-deposition was
found to inhibit nickel reduction and catalyzed cobalt reduction.
Reusing the nickel powder seeding material for subsequent batch
reductions resulted in lower residual metal concentrations for Ni,
Co and Fe.
Based on the evolution of the volume distribution and the 0th,
2nd and 3rd moments the dominant particulate processes
identified were aggregation, growth and breakage. Evidence of
the possibility of nucleation was only found in the presence of Fe.
Size enlargement was mainly due to aggregation, growth served to
provide the crystalline bridge to cement the particles together. Theresidual concentrations obtained for Ni, Co, Fe were below
0.05 mg/L and only exceeded 1 mg/L for the Ni–Cu solution. Based
on these results, reduction crystallization can be effectively used to
recover heavy metals from effluent in their elemental form.
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